The regulation of many eukaryotic genes occurs at the level of transcriptional elongation. On the uninduced hsp7O gene of Drosophila melanogaster, for example, an RNA polymerase I complex has initiated transcription but has paused early in elongation. In this study, we examine pausing on hsp7O and two of the small heat shock genes (hsp27 and hsp26) at high resolution, using a technique that utilizes paramagnetic particle-mediated selection of terminated run-on transcripts. This technique provides precise information on the distribution ofRNA polymerase within each transcription unit. It also details the progression of 5' cap formation on the elongating transcripts. For each gene, we find polymerases paused over a relatively narrow promoter-proximal region. The regions are generally around 20 nucleotides wide, with two preferred pausing positions spaced roughly 10 nucleotides apart or about one turn of the helix. The bulk ofcapping occurs as transcripts pass between 20 and 30 nucleotides in length. Interestingly, in the three genes examined here, elongational pausing and 5' cap formation appear largely coincident.
The transcription of eukaryotic genes is a complex, multistep process. Often, its regulation is assumed to lie mainly in the initiation event, but regulation could potentially be accomplished at any of the numerous steps leading to a full-length transcript: from the binding of RNA polymerase and its accessory factors, through initiation and elongation, to proper termination. For many genes, the control oftranscription occurs after initiation. A blockage or pause during elongation prevents formation of the full-length message; relief of that blockage is required for high-level expression of the gene. This type of transcriptional control has been found in a variety of eukaryotic genes and organisms, including human immunodeficiency virus type 1(1), human and murine c-myc (2) (3) (4) and ADA (5, 6) , and Drosophila hsp7O (7) . (See ref. 8 for a review.)
Genes that utilize elongational blockage for transcriptional control have as a result a greater density of RNA polymerase on their 5' ends than on latter regions. Several genes in Drosophila melanogaster have been identified that show such a polymerase distribution. These include heat-inducible (hsp7O, hsp26), metabolic (Gapdh-1, Gapdh-2), and structural genes (f31-Tubulin) (9) ; thus, the phenomenon appears relatively general. The most thoroughly studied of these is hsp7O. In the uninduced state, it has roughly one RNA polymerase II complex present in the promoter-proximal region of each gene (10, 11) . This polymerase has initiated transcription but has paused early in the elongational process (7) . Upon induction by heat shock, the rate of escape of these paused polymerases into elongation rises dramatically, leading to a >100-fold increase in hsp7O transcription (12) . Interestingly, elongational pausing remains the rate-limiting
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step, and thus the point of transcriptional control, during intermediate (11) and even full heat shock (13) , as the presence of a transiently paused polymerase can still be detected.
In this study, we use an approach that includes terminated nuclear run-ons and paramagnetic particle-mediated hybrid selection to examine RNA polymerase pausing and 5' cap formation at high resolution on three heat shock genes: hsp70, hsp27, and hsp26. We demonstrate that polymerases pause over a narrow region of each gene, and not at a defined point as previously anticipated. We also show that 5' capping occurs over a region largely coincident with that of pausing.
MATERIALS AND METHODS Terminated Nuclear Run-Ons. D. melanogaster cells were cultured and heat shocked as described (7) . Two lines of cells were used, and similar results were obtained with each (data not shown). hsp70 results are from Schneider line 2 cells (14) ; hsp27 and hsp26 results are from KC cells (15) . Nuclei were isolated and run-ons were performed as described (7) , except a 3'-dNTP (Boehringer Mannheim) was included in the run-on buffer at 0.76 mM. Precipitated nucleic acids were resuspended in 50 ,ul Occasionally, faint bands not corresponding to transcript termination sites were visible on the gel, probably resulting from cross-hybridization with RNAs of related sequence.
The unlabeled band in lane 1 of Fig. 2A (Fig. 2B) . As much as possible, it was assumed the two types behaved similarly; however, in two regions (+23 to +28 and +32 to +33) one clearly had a much higher density than the other. In those regions, the contribution from the lower-density version (87A and 87C, respectively) was neglected. (iii) Since two sequential Gs occur in hsp27 at +23 and +24, transcripts terminating at the second are unlabeled in a 3'-dGTP mapping. Data for this region were interpolated.
Cap Formation Plots. Autoradiograms of high-resolution mappings using 3'-dGTP ( Fig. 3 ) and 3'-dCTP (not shown) were scanned and bands were quantified. For each termination experiment, where doublets were prominent the intensities of the two members were compared and the extent of cap formation for that interval was calculated. A uniform degree of cap formation within each interval was assumed. Where results were available from both termination conditions, the two were averaged and plotted. Internal data points were interpolated where necessary, but no extrapolations were performed. The same complications were dealt with here as in the polymerase distributions.
RESULTS
Reversibly Paused RNA Polymerase on hsp70. Previous efforts indicate intact nuclei isolated from Drosophila by the method of Weber et al. (16) have their transcriptional status preserved (7, 11, 13, 17) . RNA polymerases engaged in elongation at the time of isolation remain engaged, and those that are also paused retain the paused configuration. Associated with every elongationally engaged polymerase is an incomplete RNA transcript. If isolated nuclei are suspended in a buffer containing fresh ribonucleotides, the engaged polymerases can extend their transcripts in a "run-on" reaction. In this study, we include 0.6% sarkosyl in the run-on. The sarkosyl inhibits initiation but does not prevent elongation by polymerases already engaged (18) . More importantly, it causes the reentry of paused polymerases into productive elongation (7) . We also include in the buffer a terminating ribonucleotide analog (3'-dNTP), so transcription terminates very shortly after resuming. The 3' ends of nascent transcripts thus represent sites a few bases downstream from the previous location of an engaged polymerase. We purify transcripts of the gene of interest from RNA generated in such a reaction, using paramagnetic particlemediated hybrid selection (Materials and Methods). By sizing those transcripts on a sequencing gel, we can deduce the in vivo positions of engaged RNA polymerases on the gene. This supports the observation of Giardina et al. (13) that pausing on hsp70 continues to be rate limiting even after heat shock. The inclusion of 3'-dUTP in a run-on (as in Fig. 1A ) should generate transcripts ending at Us. Typically, however, more bands result that can be accounted for by Ts in the sequence (see Fig. 2B ). For shorter transcripts, doublets are frequently seen. The lower members tend to match predicted sizes, whereas the upper members migrate slightly less than two nucleotides (nt) larger. For longer transcripts, the lower members diminish in intensity, leaving only the aberrantly migrating upper members. Drmed with uninduced nuclei in the presQuantitative analyses of terminated run-ons with 3'-dGTP ig and labeling ribonucleotide analogs as (Fig. 3 ) and 3'-dCTP (not shown) allow for more precise -re purified and then sized on a sequencing characterizations of polymerase pausing and cap formation re as in Fig. 1B Fig. 2A, lanes 1 and 2) . Additionally, the choice of label is also relevant, since in order for a transcript to be detected it must incorporate a label prior to termination. show clearly defined pause sites with relatively sharp borders. In both genes, pausing occurs over a roughly 20-nt interval, spanning +17 to +37 in hsp70 and +28 to +46 in hsp27. Surprisingly, the polymerase density within each interval does not take the form of a simple "bell curve," as might have been expected. Instead, it appears bimodal, with two peaks centered about 10 nt apart (see Discussion).
High-Resolution Analysis of Cap Formation. Cap formation on these transcripts (Fig. 4B) occurs at a well-defined point in the transcriptional process. And unlike polymerase pausing, it occurs at about the same point in both genes, beginning just prior to the RNA reaching 20 nt in length. (The run-on assay used here can detect transcripts only where the density of engaged polymerase is high; thus, the precise point at which cap formation begins can only be estimated.) Capping then proceeds rapidly with length, with the majority of transcripts acquiring a cap before reaching 30 nt. The extent of cap formation attains a higher level in hsp70 than in hsp27; however, the reason for this is not known. Interestingly, although the processes of cap formation and polymerase pausing appear to overlap in these genes, the degree of overlap varies (Fig. 4) . In hsp70, the two nearly coincide, but in hsp27, the majority of cap formation occurs prior to polymerase reaching the high-density region of pausing. DISCUSSION RNA Polymerase Pausing. In this study, we have developed a highly sensitive technique to examine RNA polymerases paused on the uninduced hsp70, hsp27, and hsp26 genes. It relies upon sizing the RNAs produced when paused polymerases are made to reenter productive elongation in the presence of label and terminating ribonucleotide analogs. The appearance of a cluster of transcripts for each gene, rather than a single band, seems to indicate pausing does not occur at a specific nucleotide position, but takes place over a narrow range. The clusters could, however, result from pausing at unique positions, if coupled with 3' cleavage events within the polymerase complex. Such events have been detected in vitro with RNA polymerase II (26) and Escherichia coli RNA polymerase (27) . This alternative, however, is not consistent with the gradient of cap formation detected with increasing transcript lengths. Thus, we interpret the transcript clusters as evidence of polymerases pausing over a short interval in the promoter-proximal region of each gene. Further support for this view is provided by the recent work of Giardina et al. (13) . They used the singlestrand specific reagent KMnO4 to map regions of melted DNA on the uninduced hsp70 and hsp26 genes and found transcription bubbles overlapping the polymerase pause sites defined here. They even detected the 10-nt difference in the location of the sites in hsp70 and hsp26. Those studies were performed on whole cells, and their good correlation with ours is an indication that the results presented here are representative of pausing in vivo.
In the two genes examined quantitatively, the polymerase pause sites reside near the transcriptional start and occupy a narrow range, covering only about 20 nt. The hsp27 pause site, however, lies roughly 10 nt further downstream than that of hsp70. A strict distance relationship between the start site and pause site is thus not apparent. Within each region of pausing, the distribution of polymerase is bimodal in nature, with the density peaks separated by about 10 nt. This 10-nt spacing is reminiscent of the 8-to 10-nt saltatory movement of E. coli RNA polymerase (28) . If this type of movement is typical for RNA polymerases, pausing may prefer a particular point in the translocation cycle. Alternatively, the 10-nt peak separation, being roughly equivalent to one turn of the DNA helix, could indicate a sidedness to pausing. A sidedness could in turn indicate the presence of interactions between the paused polymerase complex and other factor(s) bound to the DNA.
We propose that pausing may result from some of the same interactions with transcription factors and the basal machinery that initially attract an RNA polymerase to the gene. (See refs. 29 and 30 for reviews.) It is conceivable that after the polymerase initiates transcription and departs the promoter at least some interactions with promoter-bound factors continue, serving to arrest the progress of the transcribing complex. The intensities of these interactions could be greatest when the relevant players were aligned along the same side of the helix. A multimodal distribution of paused polymerases, favoring that side, would be the natural result.
The promoters of the genes involved in this study (19, 20, 31) have at least three sequence elements in common: TATA boxes, GAGA elements, and heat shock elements. Footprinting studies on uninduced hsp70 and hsp26 genes indicate the TATA box (13, 32, 33) and GAGA elements (ref. 34 ; C.
Giardina and J.T.L., unpublished) are occupied. Either or both could thus participate in formation of a paused complex. The TATA box clearly assists in formation of a preinitiation complex (29, 30) , but its role in generating a paused polymerase is unclear. Factors bound in the TATA region could potentially provide the tethering function discussed above. One promising candidate for this type of interaction is TATA binding protein. It binds to the TATA sequence and has recently been shown to interact directly with the carboxylterminal domain of the largest RNA polymerase II subunit (35) . This interaction is reduced by phosphorylation; thus, a mechanism for the subsequent release of the paused complex is also suggested. The GAGA elements, on the other hand, are occupied presumably by the positively acting transcriptional protein GAGA factor (36) . Mutations in those elements reduce pausing in an hsp70 construct (17) ; thus, GAGA factor is another good candidate for involvement in a tethering interaction. The heat shock elements are bound by heat shock factor, but only after induction (37) . That binding leads to high-level expression, although the precise mechanism is not known. It must, however, lead to the escape of paused polymerases into elongation, either directly or indirectly, since this is the rate-limiting step in the expression of these genes. (44) . Second, cap formation is clearly the first major modification to these pre-mRNAs, occurring well before any intron excision or 3'-end maturation events. It is thus possible the cap could serve as a marker, identifying these RNAs as polymerase II transcripts and therefore subject to the modifications of splicing and poly(A) addition. In support of this, in vitro studies using HeLa extracts (45, 46) and oocyte injection assays (47, 48) 
